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(57) ABSTRACT

A method including a) forming a through-hole in a dummy
substrate including a surface by radiating a laser to the surface
of'the dummy substrate in a state where the dummy substrate
is moved relative to the laser along a direction parallel to the
surface of the dummy substrate, b) determining an angle o
(-90°<a<+90°) of the through-hole relative to a line perpen-
dicular to the surface of the dummy substrate, and ¢) forming
a through-hole in the insulating substrate with the same con-
ditions as step a) except for radiating a laser at an angle f§
relative to a line perpendicular to a surface of the insulating
substrate. The angle f§ is set to be line symmetric with the
angle a relative to the line perpendicular to the surface of the
insulating substrate and satisfy a relationship of p=-c..

5 Claims, 7 Drawing Sheets
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FIG.3

| START

A 4

(1) FORMING A THROUGH-HOLE IN A DUMMY INSULATING
SUBSTRATE INCLUDING A FIRST SURFACE BY RADIATING
A LASER BEAM TO THE FIRST SURFACE IN A STATE ~—5110
WHERE THE DUMMY INSULATING SUBSTRATE IS MOVED
RELATIVE TO THE LASER BEAM ALONG A DIRECTION
PARALLEL TO THE FIRST SURFAGE

Y

(2) DETERMINING AN INCLINATION ANGLE a (-90° <
a <+ 90° ) OF THE THROUGH-HOLE RELATIVE TO A
LINE PERPENDIGULAR TO THE FIRST SURFACE OF
THE DUMMY INSULATING SUBSTRATE

—~—S120

A 4

(3) FORMING A THROUGH-HOLE IN AN INSULATING
SUBSTRATE WITH THE SAME CONDITIONS AS STEP
(1) EXCEPT FOR RADIATING A LASER BEAM AT AN
ANGLE S RELATIVE TO A LINE PERPENDICULAR TO
A FIRST SURFACE OF AN INSULATING SUBSTRATE, ——3S130
WHEREIN THE ANGLE 3 IS SET TO BE LINE
SYMMETRIC WITH THE INCLINATION ANGLE o
RELATIVE TO THE PERPENDICULAR LINE L AND IS
SELECTED TO SATISFY 8 =-a

END
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FIG.4
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FIG.7

( START )

A 4

(1) FORMING A THROUGH-HOLE IN A DUMMY INSULATING
SUBSTRATE INCLUDING A FIRST SURFAGCE BY RADIATING
A LASER BEAM TO THE FIRST SURFACE IN A STATE L 3210
WHERE THE DUMMY INSULATING SUBSTRATE IS MOVED
RELATIVE TO THE LASER BEAM ALONG A DIRECTION
PARALLEL TO THE FIRST SURFACE

A 4

(2) DETERMINING AN INCLINATION ANGLE o (-90° <
a < +90° ) OF THE THROUGH-HOLE RELATIVE TO A
LINE PERPENDICULAR TO THE FIRST SURFACE OF
THE DUMMY INSULATING SUBSTRATE

—~S220

A 4

(3) FORMING A THROUGH-HOLE IN AN INSULATING
SUBSTRATE WITH THE SAME CONDITIONS AS STEP
(1) EXCEPT FOR RADIATING A LASER BEAM AT AN
ANGLE B RELATIVE TO A LINE PERPENDICULAR TO
A FIRST SURFACE OF AN INSULATING SUBSTRATE, ——3S230
WHEREIN THE ANGLE S IS SET TO BE LINE
SYMMETRIC WITH THE INCLINATION ANGLE «
RELATIVE TO THE PERPENDICULAR LINE L AND IS
SELECTED TO SATISFY 8 =-a

A

(4) GENERATING A DIRECT CURRENT DISCHARGE BY
USING A PAIR OF ELECTRODES PROVIDED ON —~—3S240
RESPECTIVE SIDES OF THE INSULATING SUBSTRATE

END
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1
METHOD FOR FORMING THROUGH-HOLE
IN INSULATING SUBSTRATE BY USING
LASER BEAM

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to Japanese Patent Appli-
cation No. 2013-191057, filed on Sep. 13, 2013, which is
hereby incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a method for
forming a through-hole in an insulating substrate by using a
laser beam.

2. Description of the Related Art

Conventionally, there is a method of forming a through-
hole in an insulating substrate by radiating a laser beam from
a laser source to the insulating substrate (see Patent Docu-
ment 1).
Patent Document 1 U.S. Pat. No. 5,493,096

Typically, in a case of forming multiple through-holes in an
insulating substrate by using a laser beam, the following steps
are repeated.
1) Move a process target (i.e. insulating substrate) to a pre-
determined position relative to a laser beam, and stop the
insulating substrate at predetermined position;
2) Form a first through-hole in a first radiation area of the
insulating substrate by radiating the laser beam;
3) Stop the radiation of the laser beam;
4) Move the insulating substrate to another position relative to
the laser beam; and
5) Form a second through-hole in a second radiation area of
the insulating substrate by radiating the laser beam.

However, with the method using the above-described
steps, the insulating substrate is required to be moved from
one position to another position relative to the laser beam
whenever another through-hole is to be formed (processed).
Therefore, this method requires a large amount of time to
form multiple through-holes and degrades the efficiency of
processing multiple through-holes.

SUMMARY OF THE INVENTION

The present invention may provide a method for forming a
through-hole in an insulating substrate by using a laser beam
that substantially obviates one or more of the problems
caused by the limitations and disadvantages of the related art.

Features and advantages of the present invention will be set
forth in the description which follows, and in part will become
apparent from the description and the accompanying draw-
ings, or may be learned by practice of the invention according
to the teachings provided in the description. Objects as well as
other features and advantages of the present invention will be
realized and attained by a method for forming a through-hole
in an insulating substrate by using a laser beam particularly
pointed out in the specification in such full, clear, concise, and
exact terms as to enable a person having ordinary skill in the
art to practice the invention.

To achieve these and other advantages and in accordance
with the purpose of the invention, as embodied and broadly
described herein, an embodiment of the present invention
provides a method for forming multiple through-holes in an
insulating substrate, the method including the steps of: a)
forming a through-hole in a dummy insulating substrate
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2

including a first surface by radiating a laser beam to the first
surface of the dummy insulating substrate in a state where the
dummy insulating substrate is moved relative to the laser
beam along a direction parallel to the first surface of the
dummy insulating substrate; b) determining an inclination
angle a (-90<a<+90°) of the through-hole relative to a line
that is perpendicular to the first surface of the dummy insu-
lating substrate; and ¢) forming a through-hole in the insulat-
ing substrate with the same conditions as step a) except for
radiating a laser beam at an angle f§ relative to a line that is
perpendicular to a first surface of the insulating substrate,
wherein the angle f is set to be line symmetric with the
inclination angle a relative to the line perpendicular to the
first surface of the insulating substrate and satisfy a relation-
ship of f=-c.

Other objects and further features of the present invention
will be apparent from the following detailed description when
read in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram illustrating a configuration
of'a through-hole processing apparatus used for performing a
through-hole forming method according to a related art
example;

FIG. 2 is a cross-sectional view illustrating through-holes
obtained by radiating a laser beam along a direction perpen-
dicular to an insulating substrate while moving the insulating
substrate in a horizontal direction (X direction) relative to the
laser beam;

FIG. 3 is a flowchart of a method for forming a first
through-hole (first through-hole forming method) according
to an embodiment of the present invention;

FIG. 4 is a schematic diagram for describing a step per-
formed in the first through-hole forming method by using a
through-hole processing apparatus according to an embodi-
ment of the present invention;

FIG. 5 is a schematic diagram for describing a step per-
formed in the first through-hole forming method by using a
through-hole processing apparatus according to an embodi-
ment of the present invention;

FIG. 6 is a schematic diagram illustrating a configuration
of'a through-hole processing apparatus that may be used in a
method for forming a second through-hole (second through-
hole forming method) according to an embodiment of the
present invention;

FIG. 7 is a flowchart of the second through-hole forming
method according to an embodiment of the present invention;

FIG. 8 is a cross-sectional view illustrating through-holes
of a glass substrate processed by a working example 4;

FIG. 9 is a graph illustrating a relationship between a
moving rate of a glass substrate and an inclination angle c. of
a through-hole; and

FIG. 10 1is a cross-sectional view illustrating through-holes
of a glass substrate processed by a working example 6.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Inthe following, embodiments of the present invention will
be described with reference to the accompanying drawings.
(Through-Hole Forming Method of Related Art)

First, a method for forming a through-hole of a related art
example is described with reference to FIG. 1.

FIG. 1 is a schematic diagram illustrating a configuration
of'a through-hole processing apparatus used for performing a
through-hole forming method according to a related art
example.
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As illustrated in FIG. 1, the through-hole processing appa-
ratus 100 includes a laser source 110 and a stage 140.

An insulating substrate 190, which is a process target, is
placed on an upper part of the stage 140. The stage 140 is used
for adjusting the position of the insulating substrate 190 rela-
tive to a laser beam 113 radiated from a laser source 110. The
stage 140 can be moved in a horizontal direction (XY direc-
tion).

In a case of forming multiple through-holes in the insulat-
ing substrate 190 by using the through-hole processing appa-
ratus 100, first, the insulating substrate 190 is placed on the
stage 140. Then, the insulating substrate 190 is moved to a
predetermined position (first position) by moving the stage
140 in a horizontal direction (XY direction.

Then, the laser beam 113 is radiated from the laser source
110 to the insulating substrate 190. Thereby, an area 183 in
the insulating substrate 190 that is radiated by the laser beam
113 (hereinafter referred to as “radiated area 183”) is locally
heated to a predetermined temperature, so that an insulating
material of the radiated area 183 is sublimed. Accordingly, a
first through-hole 185 is formed. Then, the radiation of the
laser beam 113 is stopped.

Then, the insulating substrate 190 is moved to another
position (second position) by moving the stage 140. For
example, the stage 140 is moved a predetermined distance in
the X direction as illustrated with an arrow 199 (hereinafter
also referred to as “movement direction 199”) of FIG. 1.

Then, after the stage 140 is completely stopped, the laser
beam 113 is radiated again to the insulating substrate 190.
Accordingly, a second through-hole 185 is formed.

By repeating the above-described steps, multiple through-
holes 185 can be formed in the insulating substrate 190.

The above-described method of the related art example is
referred to as a “stop & go method”. With the stop & go
method, the insulating substrate 190 is required to be shifted
to another position relative to the laser beam 113 by using the
stage 140 and radiated by the laser beam at the other position
whenever another through-hole. Accordingly, the stop & go
method requires to repeat the processes of quickly moving the
stage 140 and quickly stopping the stage 140. Thus, the stop
& go method requires a large amount of time, particularly for
moving the stage 140 and leads to degradation of process
efficiency.

The following example describes a case ofusing the stop &
go method to form 100 through-holes in the insulating sub-
strate 190 at a pitch of 200 g m along the movement direction
199.

Typically, after the forming of the first through-hole 185 is
completed, the insulating substrate 190 is moved to another
position (in this case, a position shifted 200 pm in the X
direction) and prepared for forming the second through-hole
185. The time between the completion of the forming of the
first through-hole 185 and the completion of the preparation
for forming the second through-hole 185 is approximately
200 ms (milliseconds). Thus, in this case, an estimated time of
at least 20 seconds (200 msx100) is required for forming 100
through-holes 185 along the insulating substrate 190 in the
X-direction.

In an actual process, through-holes are to be arranged to
form a two-dimensional pattern in the YX directions. There-
fore, the above-described processes are also to be performed
with respect to Y coordinates for completing the forming of
the through-holes. Therefore, a significant amount of process
time is required to form the through-holes.

As a result of conducting research and development for
resolving the problems pertaining to the process time
required by the stop & go method, the inventor of the present

30

40

45

50

4

invention has conceived a method that can significantly
shorten the time for processing through-holes. This method,
which is hereinafter referred to as a “non-stop moving
method”, can process through-holes by radiating a laser beam
to an insulating substrate while moving the insulating sub-
strate (i.e. performing laser radiation without having to stop
the insulating substrate).

Next, the following example describes a case of using the
non-stop moving method to form 100 through-holes in an
insulating substrate at a pitch of 200 um along the movement
direction 199.

For example, assuming that the insulating substrate is
moved at a rate of 3000 pm/sec, the process time required to
form 100 through-holes is 6.6 seconds (200 (um)x99/3000
(um/sec)). Accordingly, the process time for forming the
through-holes can be reduced to approximately 33% in com-
parison to the process time using the stop & go method.

Therefore, the process time for forming multiple through-
holes can be significantly shortened by using the non-stop
moving method.

However, in a case where the insulating substrate is moved
while being radiated by the laser beam, the shape of the
through-hole formed in the insulating substrate cannot be
parallel to the thickness direction of the insulating substrate.
That is, the through-hole is inclined (slanted) relative to the
thickness direction of the insulating substrate.

FIG. 2 is a cross-sectional view illustrating through-holes
obtained by radiating a laser beam along a direction perpen-
dicular to an insulating substrate while moving the insulating
substrate in a horizontal direction (X direction) relative to the
laser beam.

In FIG. 2, an insulating substrate 290 includes a first sur-
face 292 and a second surface 294. Further, a laser beam is
radiated to the insulating substrate 290 from the side of the
first surface 292 along a vertical direction relative to the
insulating substrate 290. Further, the insulating substrate 290
is moved at a constant rate in a direction illustrated with an
arrow 299 (hereinafter also referred to as “movement direc-
tion 299”) of FIG. 2 during the radiation of the laser beam.

As illustrated in FIG. 2, the through-hole 285 formed in the
insulating substrate 290 is an inclined through-hole that is
inclined relative to a line L1 perpendicular to the first surface
292 of the insulating substrate 290.

It is to be noted that the term “inclination o refers to an
angle that is formed by a center line .2 of the inclined
through-hole 285 and the perpendicular line [.1. The inclina-
tion angle . may have a positive value or a negative value and
range from -90 °<a<90°. That is, in a case where the perpen-
dicular line [.1 is defined to be angle 0, the inclination angle
a.is expressed with a positive value when the center line [.2 is
inclined toward a positive side of the movement direction 299
relative to the perpendicular line [.1 whereas the inclination
angle o expressed with a negative value when the center line
L2 is inclined toward a negative side of the movement direc-
tion 299 relative to the perpendicular line L1. In the example
of FIG. 2, the inclination angle o has a negative value.

In the case of using the non-stop moving method, the
through-hole 285 inclined relative to the perpendicular line
L1 is formed. Therefore, in order to achieve practically use of
the non-stop moving method, it is necessary to form a per-
pendicular through-hole similar to the through-hole 185
formed by using the stop & go method instead of forming the
inclined through-hole 285.

In view of the above, the inventor of the present invention
has conceived a method that allows a through-hole to be
formed with an inclination angle a of substantially O degrees
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even in the case of using the non-stop moving method by
selecting appropriate conditions for processing the through-
hole.

With this method, it is theoretically possible to form a
perpendicular through-hole even in a case of using the non-
stop moving method by applying a condition of forming a
through-hole having an angle o' (a'=-q) that is formed when
processing the through-hole in a state where an insulating
substrate is stopped (stopped state). In other words, by delib-
erately selecting a condition to form a through-hole having an
angle o' (a'=-q) that is formed when processing the through-
hole in the stopped state, the inclination angle o formed by
using the non-stop moving method would be canceled out by
the angle o'. As a result, a substantially perpendicular
through-hole can be formed.

For example, by tilting the radiation direction of the laser
beam to form an angle § (f=-a) relative to the perpendicular
line L1 (i.e. line perpendicular to the insulating substrate 290)
when processing the through-hole using the non-stop moving
method, a substantially perpendicular through-hole can be
formed by using the non-stop moving method.

Accordingly, with the below-described embodiments of
the present invention, a substantially perpendicular through-
hole can be formed while shortening the process time com-
pared to the related art. Therefore, the efficiency of processing
through-holes is improved.

Further, with the stop & go method of the related art, the
distance of a single move between the position of forming the
first through-hole in the insulating substrate 190 (first
through-hole forming position) and the position of forming
the second through-hole in the insulating substrate 190 (sec-
ond through-hole forming position) is a significantly short
distance that is equivalent to the pitch of the through-holes
(e.g., 200 pm). In other words, the distance in which the
insulating substrate 190 is moved from the first through-hole
forming position to the second through-hole forming position
is significantly short. Therefore, it is extremely difficult to
move the insulating substrate 190 at a constant rate. In addi-
tion, a large amount of acceleration is to be applied to the
insulating substrate 190 at the time of starting or stopping the
movement of the insulating substrate 190. This may cause the
insulating substrate 190 to deviate from the stage 140 or a
predetermined position relative to the laser beam 113 during
the processing of forming the through-holes. As a result, the
accuracy of the position of the through-hole may be degraded.
Further, additional components or the like may be required to
solve such problems (e.g., a fixing component for firmly
fixing the insulating substrate 190 to the stage 140).

In contrast, because the below-described embodiments of
the present invention use the non-stop moving method in
which an insulating substrate can be moved for a relatively
long distance at a constant rate, the amount of acceleration
applied to the insulating substrate can be significantly
reduced. As a result, through-holes can be accurately for in
predetermined positions without any additional components
or the like.
<Method for Forming Through-Hole According to First
Embodiment>

A method for forming a through-hole according to a first
embodiment of the present invention (first through-hole
forming method) is described with reference to FIGS. 3-5.

FIG. 3 is a flowchart of the first through-hole forming
method. FIGS. 4 and 5 are schematic diagrams for describing
a step performed in the first through-hole forming method by
using a through-hole processing apparatus according to an
embodiment of the present invention.
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As illustrated in FIG. 3, the first through-hole forming
method includes the steps of:

(1) Forming a through-hole in a dummy insulating substrate
including a first surface by radiating a laser beam to the first
surface in a state where the dummy insulating substrate is
moved relative to the laser beam along a direction parallel to
the first surface (Step S110);

(2) Determining an inclination angle o (=90 °<a<+90°) of the
through-hole relative to a perpendicular line that is perpen-
dicular to the first surface of the dummy insulating substrate
(Step S120); and

(3) Forming a through-hole in an insulating substrate with the
same conditions as step (1) except for radiating a laser beam
at an angle  relative to a line perpendicular to a first surface
of'an insulating substrate, wherein the angle f§ is set to be line
symmetric with the inclination angle a relative to the perpen-
dicular line L. and to satisfy a relationship of p=-c (Step
S130).

Next, each of the steps illustrated in FIG. 3 is described in
detail with reference to FIGS. 4 and 5.
<Step S110>

First, a through-hole is formed in a dummy substrate by
using the non-stop moving method (dummy substrate pro-
cessing step).

FIG. 4 illustrates an example of a through-hole processing
apparatus 300 used in Step S110.

As illustrated in FIG. 4, the through-hole processing appa-
ratus 300 includes a laser source 310 and a stage 340.

A dummy insulating substrate 390D is placed on an upper
part of the stage 340. The stage 340 is used for adjusting the
position of the dummy insulating substrate 390D relative to a
laser beam 313D radiated from the laser source 310. The stage
340 can be moved in a direction indicated with an arrow 399
(hereinafter also referred to as “movement direction 399”) in
FIG. 4.

The dummy insulating substrate 390D includes a first sur-
face 392D and a second surface 394D. The dummy insulating
substrate 390D is placed on the stage 340 in a manner that the
side of the first surface 392D is positioned closer to the laser
source 310 than the side of the second surface 394D.

The dummy insulating substrate 390D has the same com-
position and same dimension (especially thickness) as the
below-described insulating substrate 390T.

For example, the dummy insulating substrate 390D may be
a glass substrate. Further, the dummy insulating substrate
390D may have a thickness that ranges from 0.05 mm to 0.7
mm. The less the thickness of the dummy insulating substrate
390D is, the below-described through-hole can be formed
with a small deviation amount between its upper and lower
holes in the below-described Step S130 even in a case where
the inclination angle o of the through-hole is constant.

In a case of forming a through-hole in the dummy insulat-
ing substrate 390D by using the through-hole processing
apparatus 300, the stage 340 is moved in the movement direc-
tion 399 at a constant rate. Accordingly, the dummy insulating
substrate 390D is also moved in the movement direction 399.
Although the moving rate of the stage 340 is not limited in
particular, the moving rate of the stage 340 may range, for
example, from 0.1 mm/sec to 500 mm/sec.

Then, the laser beam 313D is radiated to a radiation area
383D of the dummy insulating substrate 390D from the laser
source 310 while the dummy insulating substrate 390D is
being moved. It is to be noted that, the position of the radiation
area 383 usually changes in a depth direction of the dummy
insulating substrate 390D because the dummy insulating sub-
strate 390D is moving during the laser radiation.
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The radiation time of the laser beam 313D may range, for
example, from 50 ps to 1000 ps. Alternatively, the radiation
time of the laser beam 313D may range, for example, from 80
us to 800 ps. Further, the radiation power of the laser beam
313D may range, for example, from 1 W to 400 W. Alterna-
tively, the radiation power of the laser beam 313D may range,
for example, from 10 W to 200 W. The inclination angle o of
the through-hole becomes smaller as the power of the laser
beam 313D becomes larger and the radiation time of the laser
beam 313D becomes shorter.

It is to be noted that a radiation angle y formed by the
radiation direction of the laser beam 313D and a perpendicu-
lar line perpendicular to the dummy insulating substrate
390D is not limited in particular. For example, the radiation
angle y of the laser beam 313D may range, for example, from
0° to £20°. The definition of the radiation angle y of the laser
beam 313D is basically based upon the above-described defi-
nition of the inclination angle o explained with FIG. 2.

It is, however, preferable for the laser beam 313D to be
radiated substantially perpendicular to the first surface 392D
of'the dummy insulating substrate 390D as illustrated in FIG.
4 (i.e. radiation angle y=0). By radiating the laser beam 313D
to be substantially perpendicular to the first surface 392D of
the dummy insulating substrate 390D, a through-hole can
usually be formed with a small inclination angle a.

Thereby, the radiation area 383D of the dummy insulating
substrate 390D is heated and melted. As a result, a through-
hole (inclined through-hole) 385D having an inclination
angle o can be formed in the dummy insulating substrate
390D (see circled part in FIG. 4).

Although not illustrated in FIG. 4, multiple through-holes
385D may be formed in the dummy insulating substrate 390D
along the movement direction 399.
<Step S120>

Then, the inclination angle o of the through-hole 385D is
determined based on the processed dummy insulating sub-
strate 390D. The inclination angle o of the through-hole
385D can be determined by performing, for example, obser-
vation of the cross section of a part of the dummy insulating
substrate 390D corresponding to the through-hole 385D.

Theoretically, the inclination angle o of the through-hole
385D may be any value that is greater than —90° but less than
+90°.

It is, however, preferable to form the through-hole 385D
having an inclination angle o ranging, for example, from
-10° to +10° by selecting an appropriate condition(s) for
processing the through-hole in Step S110. For example, the
through-hole 385D may be formed having an inclination
angle a ranging, for example, from —-5° to +5°. Particularly,
the through-hole 385D can be formed having an inclination
angle o of substantially 0° depending on the condition
selected for processing the through-hole 385D.

It is to be noted that, in a case where a thick insulating
substrate is used as an insulating substrate 3907T in the fol-
lowing Step S130, a through-hole 385T may be formed in a
predetermined position of the insulating substrate 390T with
less accuracy when the inclination angle o of the through-
hole 385D is less than —10° or greater than +10°.
<Step S130>

Then, a through-hole is formed in an actual process target
by using the non-stop moving method (Actual processing
step).

In performing the actual processing step, the through-hole
processing apparatus 300 (see FIG. 4) used in Step S110 is
used.
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8

Itis, however, to be noted that a radiation angle j formed by
a laser beam 313T radiated from the laser source 310 is
different from the radiation angle vy of Step S110.

FIG. 5 illustrates an example of using the through-hole
processing apparatus 300 in Step S130. As illustrated in the
actual processing step of FIG. 5, an insulating substrate 390T,
which is an actual process target (e.g., product), is placed on
an upper part of the stage 340. The insulating substrate 390T
includes a first surface 3927T and a second surface 394T. The
insulating substrate 3907T is placed on the stage 340 in a
manner that the side of the first surface 3927 is positioned
closer to the laser source 310 than the side of the second
surface 394T.

The insulating substrate 390T has the same composition
and same dimension (especially thickness) as the above-de-
scribed insulating substrate 390D.

For example, the insulating substrate 390T may be a glass
substrate. Further, the insulating substrate 390T may have a
thickness that ranges from 0.05 mm to 0.7 mm.

After the insulating substrate 390T is placed on the stage
340, the stage 340 is moved along the movement direction
399 at a constant rate. Thereby, the insulating substrate 390T
is also moved in the movement direction 399. The moving
rate of the insulating substrate 3907 is substantially the same
as the moving rate of the dummy insulating substrate 390D of
Step S310.

Then, alaser beam 313T is radiated to a radiation area 383T
of the insulating substrate 390T from the laser source 310
while the insulating substrate 3907 is being moved. It is to be
noted that, the position of the radiation area 383T may change
in a depth direction of the insulating substrate 390T because
the insulating substrate 3907 is moving during the laser radia-
tion.

Thereby, the radiation area 383 T of the insulating substrate
390T is heated and melted. As a result, a through-hole 385T
can be formed in the insulating substrate 390T.

The time and power for radiating the laser beam 3137 is
substantially the same as radiation time and radiation power
used in Step S110.

Further, the radiation angle 3 of the laser beam 313T rela-
tive to the insulating substrate 390T is determined based on
the inclination angle o of the through-hole 385D determined
in Step S120. More specifically, the radiation angle [ of the
laser beam 313T relative to the insulating substrate 3907 is
selected to satisfy a relationship of p=-c.

Thereby, the insulating substrate 3907 can be formed hav-
ing a substantially perpendicular through-hole 395T.
<Method for Forming Through-Hole According to Second
Embodiment>

A method for forming a through-hole according to the
second embodiment of the present invention (second
through-hole forming method) is described with reference to
FIGS. 6-7.

FIG. 6 is a schematic diagram illustrating a configuration
of a through-hole processing apparatus that may be used in
the second through-hole forming method. FIG. 7 is a flow-
chart of the second through-hole forming method.

First, a through-hole processing apparatus 400 that may be
used to perform the second through-hole forming method is
described with reference to FIG. 6.

The through-hole processing apparatus 400 is an apparatus
used for performing, for example, an auxiliary laser discharge
process.

It is to be noted that “auxiliary laser discharge process™ is
a generic term to indicate the below-described method for
adjusting the shape of a through-hole in which the shape of
the through-hole is adjusted by using a discharging phenom-
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enon created between a first electrode and a second electrode
after forming the through-hole in a glass substrate by laser
radiation.

As illustrated in FIG. 6, the through-hole processing appa-
ratus 400 includes a laser source 410, a high voltage direct
current source 425, a first electrode 440, and a second elec-
trode 445.

The first and second electrodes 440, 445 are electrically
connected to conductors 450, 455, respectively. The conduc-
tors 450, 455 are connected to the high voltage direct current
source 425.

In the example illustrated in FIG. 6, the first and second
electrodes 440, 445 are shaped and positioned differently.
That is, the first electrode 440 has a needle-like shape whereas
the second electrode 440 has a plate-like shape. Further, the
first electrode 440 is positioned apart from the insulating
substrate 490 whereas the second electrode 445 is positioned
directly below and in contact with the insulating substrate
490. The second electrode 445 functions as a stage that carries
and conveys the insulating substrate 490.

However, the through-hole processing apparatus 400 illus-
trated in FIG. 6 is merely one example. For example, the
second electrode 445 may positioned apart from the insulat-
ing substrate 490 at the bottom side of the insulating substrate
490. The second electrode 445 and a stage may be formed as
independent components and separated from each other. Fur-
ther, the second electrode 445 may have the same needle-like
shape as the first electrode 440. In this case, a pair of elec-
trodes may be formed by the first electrode 440, the second
electrode 445 facing the first electrode 440, and the insulating
substrate (e.g., glass substrate) 490 sandwiched between the
first and second electrodes 440, 445.

Typically, in a case of forming a through-hole in the insu-
lating substrate 490 by using the through-hole processing
apparatus 400, the insulating substrate 490 is positioned
between the first and second electrodes 440, 445. Further, the
insulating substrate 490 is arranged at a predetermined posi-
tion by moving the second electrode 445 (or a separate stage)
in the horizontal direction.

Then, the laser beam 413 is radiated to the insulating sub-
strate 490 from the laser source 410. Thereby, an area 483 in
the insulating substrate 490 that is radiated by the laser beam
413 (hereinafter referred to as “radiated area 483”) is locally
heated to a predetermined temperature, so that an insulating
material of the radiated area 483 is sublimed. Accordingly, a
first through-hole 485 is formed.

After forming the first through-hole 485, a high voltage
direct current is applied between the first and second elec-
trodes 440, 445 by using the high voltage direct current source
425. Thereby, discharge occurs between the first and second
electrodes 440, 445. This is because the resistances at other
parts are low.

By the discharge generated by the first and second elec-
trodes 440, 445, the shape of the first through-hole 485 is
adjusted. Thereby, the first through-hole can be formed with
dimensions of greater accuracy.

Then, the insulating substrate 490 is arranged at a prede-
termined position by moving the second electrode 445 (or a
separate stage) in the horizontal direction. Then, a second
through-hole is formed by performing a process similar to the
above-described step of forming the first through-hole 485.

By repeating the above-described steps, multiple through-
holes are formed in the insulating substrate 490.

FIG. 7 is a flowchart of the second through-hole forming
method that is performed by using, for example, the above-
described through-hole processing apparatus 400.
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10
As illustrated in FIG. 7, the second through-hole forming
method includes the steps of:

(1) Forming a through-hole in a dummy insulating substrate
including a first surface by radiating a laser beam to the first
surface in a state where the dummy insulating substrate is
moved relative to the laser beam along a direction parallel to
the first surface (Step S210);

(2) Determining an inclination angle o (=90 °<a<+90°) of the
through-hole relative to a perpendicular line that is perpen-
dicular to the first surface of the dummy insulating substrate
(Step S220);

(3) Forming a through-hole in an insulating substrate with the
same conditions as step (1) except for radiating a laser beam
at an angle a relative to a line perpendicular to a first surface
of'an insulating substrate, wherein the angle f§ is set to be line
symmetric with the inclination angle a relative to the perpen-

dicular line L. and to satisfy a relationship of p=-c (Step
S230); and

(4) Generating a direct current discharge by using a pair of
electrodes provided on respective sides of the insulating sub-
strate.

Among the steps of the second through-hole forming
method, Steps S210-S230 are the same as Steps S110-S130 of
the first through-hole forming method. Therefore, only Step
S240 is described below.

<Step S240>

Next, a process of performing Step S240 by using the
through-hole processing apparatus 400 of FIG. 6 is described.

In Step S240, a high voltage direct current is applied
between the first electrode 440 and the second electrode 445
by using the high voltage direct current source 425. Thereby,
discharge occurs between the first and second electrodes 440,
445 via the through-hole 485.

Because the second through-hole forming method also
uses the non-stop moving method in the actual processing
step, the discharging process of Step S240 is also performed
while the insulating substrate 290 is being moved.

However, the discharge time of Step S240 is extremely
short (i.e. performed in the order of us). Therefore, the mov-
ing rate of the insulating substrate 490 hardly affects the
discharge. That is, the discharge behavior during the moving
of the insulating substrate 290 and the through-hole after the
discharge are substantially the same as a case of performing
the discharging process in a state where the insulating sub-
strate 490 is stopped.

Therefore, the through-hole having its inclination angle o
determined in Step S220 may be a through-hole subjected to
the discharging process or a through-hole that is not yet
subjected to the discharging process.

Accordingly, with the second through-hole forming
method, the radiation angle {3 of the laser beam 3137 relative
to the insulating substrate 3907 is determined based on the
inclination angle o of the through-hole 385D determined in
Step S220. That is, the radiation angle [} of the laser beam
313T relative to the insulating substrate 3907 is selected to
satisty a relationship of f=-a. Thereby, the insulating sub-
strate 3907 can be formed having a substantially perpendicu-
lar through-hole 395T.

Hence, similar to the first through-hole forming method,
the second through-hole forming method can also signifi-
cantly reduce the process time for forming through-holes in
an insulating substrate.
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Working Example

Next, working examples of the present invention are
described. It is to be noted that the present invention is not
limited to the below-described working examples.

Working Example 1

Multiple through-holes were formed in a dummy glass
substrate by performing Step S210 of the second through-
hole forming method by using the through-hole processing
apparatus 400 of FIG. 6. Then, a discharging process was
performed while moving the glass substrate at a same rate.

A glass substrate having a thickness of 0.3 mm was used.

A CO, laser was used as the laser source. The radiation
power of the laser source was 50 W. The radiation time was
580 us per through-hole.

The direct current discharge voltage was 5400 V, and the
discharge time was 640 is.

A total of 100 through-holes was formed with a pitch of
200 um along a given row in a horizontal direction.

The moving rate of the glass substrate was 1.5 mm/sec.
Further, the laser beam was radiated in a perpendicular direc-
tion relative to the glass substrate (i.e. radiation angle y=0°).

After processing the glass substrate, the glass substrate was
cut at its through-hole parts, and the inclination angles a of
the through holes were measured. It is to be noted that the
inclination angle o of the through-hole was calculated from
the average values of the inclination angles of the 100
through-holes.

The calculated inclination angle o of the through-hole was
-0.09°.

Working Example 2

In working example 2, 100 through-holes were formed in a
glass substrate with a similar method as working example 1.
However, in working example 2, the glass substrate was
moved at arate of 3.0 mm/sec. Conditions besides the moving
rate of the glass substrate were the same as those of working
example 1.

The measured inclination angle o of the through-hole after
processing the glass substrate was —0.59°.

Working Example 3

In working example 3, 100 through-holes were formed in a
glass substrate with a similar method as working example 1.
However, in working example 3, the glass substrate was
moved at arate of 5.7 mm/sec. Conditions besides the moving
rate of the glass substrate were the same as those of working
example 1.

The measured inclination angle o of the through-hole after
processing the glass substrate was —1.43°.

Working Example 4

In working example 4, 100 through-holes were formed in a
glass substrate with a similar method as working example 1.
However, in working example 4, the glass substrate was
moved at a rate of 10 mm/sec. Conditions besides the moving
rate of the glass substrate were the same as those of working
example 1.

FIG. 8 illustrates an example of a cross section of the
through-hole after processing the glass substrate. The mea-
sured inclination angle o of the through-hole was -2.93°.
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Working Example 5

Multiple through-holes were formed in a glass substrate by
using a stop & go method with the through-hole processing
apparatus 100 of FIG. 1.

The glass substrate was the same as the glass substrates
used in working examples 1-4.

A CO, laser was used as the laser source. The radiation
power of the laser source was 50 W.

After the forming of one through-hole was completed, the
glass substrate was moved to another position to prepare for
forming another through-hole. The time between the comple-
tion of the forming of the one through-hole and the comple-
tion of the preparation of forming the other through-hole was
200 ms.

A total of 100 through-holes was formed with a pitch of
200 um along a given row in a horizontal direction.

After processing the glass substrate, the glass substrate was
cut at its through-hole parts, and the inclination angles of the
through holes were measured. The calculated inclination
angle o of the through-hole was almost 0°.

The following table illustrates the main conditions for pro-
cessing the through-holes of working examples 1-5, and the
results of measuring the inclination angles o of the through-
holes formed with the working examples 1-5.

TABLE 1
INCLI-
MOVING  NATION
RATE  ANGLEa
EXAMPLE METHOD (mm/sec) ©)

1 NON-STOP MOVING METHOD 15 ~0.09

2 NON-STOP MOVING METHOD 3.0 -0.59

3 NON-STOP MOVING METHOD 57 -1.43

4 NON-STOP MOVING METHOD 10 -2.93

5 STOP & GO METHOD (200 msec)* 0.00

*The time between the completion of forming a first through-hole and the completion of
preparing to form a second through-hole

FIG.9 is a graph illustrating results of measuring the incli-
nation angles o of the through-holes of the working examples
1-5.

According to Table 1 and FIG. 9, it can be understood that
substantially perpendicular through-holes are formed in the
glass substrate with the working example 5 that uses the stop
& go method. On the other hand, it can be understood that the
absolute value of the inclination angle o of the through-hole
becomes larger as the moving rate of the glass substrate
increases in the working examples 1-4 that use the non-stop
moving method.

Working Example 6

In working example 6, through-holes were formed in a
glass substrate with a similar non-stop moving method as
working example 2. However, in working example 6, the
radiation angle } of the laser beam was set to +0.59°. That is,
the radiation angle [} ofthe laser beam was inclined toward the
moving direction of the glass substrate at an angle of 0.59°
relative to the line perpendicular to the first surface of the
glass substrate. Conditions besides the radiation angle were
the same as those of working example 2.

FIG. 10 illustrates an example of a cross section of the
through-hole after processing the glass substrate. The mea-
sured inclination angle o of the through-hole was almost 0°.
Thus, the formed through-hole was substantially perpendicu-
lar to the glass substrate.
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Accordingly, it was confirmed that through-holes that are
substantially perpendicular to an insulating substrate can be
formed even with the non-stop moving method by tilting a
laser radiation direction at an angle of  (f=-) relative to a
line perpendicular to the insulating substrate when forming
the through-holes with the non-stop moving method.

Further, the present invention is not limited to these
embodiments, but various variations and modifications may
be made without departing from the scope of the present
invention.

The present application is based on and claims the benefit
ofpriority of Japanese Priority Application No. 2013-191057
filed on Sep. 13, 2013, with the Japanese Patent Office, the
entire contents of which are hereby incorporated by refer-
ence.

What is claimed is:

1. A method for forming a plurality of through-holes in an
insulating substrate, the method comprising the steps of:

a) forming a through-hole in a dummy insulating substrate
including a first surface by radiating a laser beam to the
first surface of the dummy insulating substrate in a state
where the dummy insulating substrate is moved relative
to the laser beam along a direction parallel to the first
surface of the dummy insulating substrate;

b) determining an inclination angle o (=90 °<a<+90°) of
the through-hole relative to a line that is perpendicular to
the first surface of the dummy insulating substrate; and

¢) forming a through-hole in the insulating substrate with
the same conditions as step a) except for radiating a laser
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beam at an angle { relative to a line that is perpendicular
to a first surface of the insulating substrate, wherein the
angle [} is set to be line symmetric with the inclination
angle o relative to the line perpendicular to the first
surface of the insulating substrate and satisfy a relation-
ship of f=-c.

2. The method as claimed in claim 1, wherein the inclina-

tion angle o satisfies a relationship of 1al<20°.

3. The method as claimed in claim 1,

wherein step a) includes radiating the laser beam in a
direction substantially perpendicular to the first surface
of the dummy insulating substrate.

4. The method as claimed in claim 1,

wherein the laser beam of step a) and the laser beam of step
¢) are radiated with substantially the same power,

wherein the dummy insulating substrate of step a) and the
insulating substrate of step ¢) have substantially the
same thickness, and

wherein the dummy insulating substrate of step a) and the
insulating substrate of step ¢) are moved at substantially
the same rate.

5. The method as claimed in claim 1, further comprising a

step of:

d) generating a direct current discharge by using a pair of
electrodes provided on respective sides of the insulating
substrate after performing step c).

#* #* #* #* #*



